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A search is presented for production of a heavy up-type quark {t') together with its antiparticle, 
assuming subsequent decay to a W boson and a b quark, t't' — >■ W^bW^b. The search is based on 
1.04 fb"^ of proton-proton collisions at ^ = 7 TeV collected by the ATLAS detector at the CERN 
Large Hadron Collider. Data are analyzed in the lepton-|-jets final state, characterized by a high 
transverse momentum isolated electron or muon, high missing transverse momentum and at least 
three jets. No significant excess of events above the background expectation is observed. A 95% 
C.L. lower limit is set at rrif/ > 404 GeV. 



PACS numbers; 12.60-i,13.85.Rm,14.65. Jk,14.80.-j 

The discovery of the top quark T| completed the third 
generation of fundamental fermions in the quark sector 
of the Standard Model (SM) of particle physics. It is 
natural to ask whether heavier quarks may exist. These 
quarks are often present in new physics models aimed at 
solving the limitations of the SM. For example, mod- 
els with a fourth generation of heavy chiral fermions 
could provide new sources of CP violation to explain 
the matter-antimatter asymmetry in the Universe, and 
allow for a heavier Higgs boson while remaining consis- 
tent with precision electroweak data 0. The latter is 
accomplished by keeping a small mass splitting between 
the heavy up-type quark (t') and the heavy down-type 
quark (6'). Assuming that mf — rribi < mw, where mw 
is the W boson mass, results in the t' quark predomi- 
nantly decaying to a.W boson and a down-type quark q 
{q—d, s, b). Another possibility is the addition of isospin 
singlets or doublets of vector-like quarks, which appear 
in many extensions of the SM such as Little Higgs or 
extra-dimensional models [3]. In both scenarios the t' 
quark can decay into Wb with a large branching ratio, 
provided there is a significant mixing with the third gen- 
eration of quarks, consistent with the existing mass and 
mixing patterns of the known quarks. 

The high center-of-mass energy and integrated lumi- 
nosity in pp collisions available at the Large Hadron Col- 
lider (LHC) offers a unique opportunity to probe these 
scenarios. At the LHC, these new heavy quarks would 
be predominantly produced in pairs via the strong inter- 
action for masses below ~ 1 TeV, while for larger masses 
electroweak production of single heavy quarks could be- 
come the primary production mechanism, depending on 
the strength of their interactions with the SM quarks and 
weak gauge bosons 

A search is presented in this Letter for t't' production 
using pp collision data at ^/s = 7 TeV collected with 
the ATLAS detector. It is assumed that the t' quark 
decays exclusively into Wb. The lepton-l-jets final state 
signature is considered, characterized by a high trans- 



verse momentum (px) isolated electron or muon, high 
missing transverse momentum {E^^^^) and at least three 
jets. Similar searches in this channel have been published 
by the CDF and DO collaborations [3, [1] ; the most strin- 
gent limits preclude the existence of a t' quark with a 
mass below 358 GeV at 95% confidence level (C.L.). 

The ATLAS detector 6J consists of an inner track- 
ing system surrounded by a superconducting solenoid, 
electromagnetic and hadronic calorimeters, and a muon 
spectrometer (MS). The inner detector is immersed in a 
2 T axial magnetic field, and consists of pixel and sil- 
icon microstrip detectors inside a transition radiation 
tracker, providing charged particle tracking in the re- 
gion 1 77 1 < 2.5 7]. The electromagnetic (EM) calorimeter 
is based on lead/liquid-argon (LAr). Hadron calorime- 
try is based on two different detector technologies, with 
scintillator tiles or LAr as active media, and with either 
steel, copper, or tungsten as the absorber material. The 
calorimeters provide coverage up to < 4.9. The MS 
consists of superconducting air-core toroids, a system of 
trigger chambers covering the range I77I < 2.4, and high- 
precision tracking chambers allowing muon momentum 
measurements within \r]\ < 2.7. 

The data set used in this analysis was recorded between 
March and June 2011 using single electron and muon 
triggers and includes only events collected under stable 
beam conditions and for which all detector subsystems 
were fully operational. The corresponding integrated lu- 
minosity is 1.04 fb^^. The event selection criteria closely 
follow those used in recent ATLAS top quark studies, 
e.g. Ref. [83. Electron candidates are required to satisfy 
Pt > 25 GeV and \ri\ < 2.47, excluding the transition 
region 1.37 < \ri\ < 1.52 between the barrel and end- 
cap EM calorimeters. Muon candidates are required to 
satisfy pt > 20 GeV and \ri\ < 2.5. The pT threshold re- 
quirement ensures that the selected leptons are in the ef- 
ficiency plateau of the singie-lepton triggers. Background 
from multi-jet production is suppressed by a requirement 
of EJ^'^'' > 35(20) GeV in the electron (muon) chan- 
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nel, followed by E^^^^ + ttit > 60 GeV, where mx is 
the transverse mass of the lepton and i?™"'" The 
E^^^^ is constructed from the vector sum of all calorime- 
ter cells contained in topological clusters [ll|, calibrated 
at the energy scale of the associated high-px object, and 
including contributions from selected muons. Further 
requirements are that there be at least three jets with 
Pt > 25 GeV and \r]\ < 2.5, with at least one jet satisfy- 
ing pt > 60 GeV. Jets are reconstructed with the anti-kt 
algorithm [li!] with radius parameter R = 0.4, from topo- 
logical clusters of energy deposits in the calorimeters cal- 
ibrated at the EM scale. These jets are then calibrated to 
the particle level [l3| using a pt- and ry-dependent correc- 
tion factor derived from simulated events and validated 
using data. Finally, to further reduce the backgrounds, 
at least one jet is required to be identified as originating 
from the hadronization of a 6 quark (6-tagging). This is 
achieved via an algorithm 1J| using multivariate tech- 
niques to combine information from the impact parame- 
ters of displaced tracks as well as topological properties 
of secondary and tertiary decay vertices reconstructed 
within the jet; a working point is used with ~ 70% ef- 
ficiency for &-quark jets and a rejection factor of ~ 100 
for jets originating from light quarks (u, d, s) or gluons. 
Events with exactly one electron or one muon, and with 
exactly three jets or with four or more jets are analyzed 
separately to take advantage of their different signal-to- 
background ratio and background composition, as dis- 
cussed below. 

After event selection the main background is tt produc- 
tion, followed by the production of a ly boson in associa- 
tion with jets (M^-|-jets). Smaller contributions arise from 
multi-jet events, single top quark, Z+jets and diboson 
production. All of the backgrounds which do not involve 
top quarks are significantly suppressed by the 6-tagging 
requirement. Multi-jet events contribute to the selected 
sample mostly via the misidentification of a jet or a pho- 
ton as an electron or the presence of a non-prompt lepton, 
e.g. from a semileptonic b- or c-hadron decay. The nor- 
malization and shape of the multi-jet background kine- 
matic distributions are estimated via data-driven meth- 
ods For the W^-l-jets background, the shape is es- 
timated from the simulation but the normalization is 
estimated from the asymmetry between VF^-l-jets and 
W~-|-jets production [l5| in data. All other backgrounds, 
as well as the signal, are estimated from the simulation 
and normalized to their theoretical cross sections. A sum- 
mary of the background estimates in each of the four 
channels analyzed, and a comparison with the observed 
yields in data are presented in Table U showing a good 
agreement within the uncertainties. 

Monte Carlo (MC) samples of tt and single top quark 
background are generated using MC@NLO v3.41 
assuming a top quark mass of 172.5 GeV, using 
the CTEQ6.6 set of parton distribution functions 
(PDF) and are normalized to the approximate next- 



to-next-to-leading-order (NNLO) theoretical cross sec- 
tions 18, [l^. Samples of W/Z +}ets background are 
generated using Alpgen v2.13 ^ and the CTEQ6L1 
PDF set The Z-l-jets background is normalized 



to his NNLO theoretical cross section [2l|, while the 
M^+jets background normalization is extracted from 
data. Both MC@NLO and Alpgen are interfaced to 
Herwig v6.5 [i^] to model the parton shower and frag- 
mentation, while Jimmy [2^ is used to simulate the un- 
derlying event. The diboson backgrounds are modeled 
using Herwig v6.5 and normalized to their NLO theo- 
retical cross sections 2^. The signal is modeled using 



Pythia 6.421 [25(. Signal samples are generated for a 
range of masses, m^/, from 200 to 600 GeV in steps of 
50 GeV and are normalized to the approximate NNLO 
theoretical cross sections [l3| using the CTEQ6.6 PDF. 
The MC samples generated using Herwig or Pythia 
use the MRST2G07 LO* PDF set All MC sam- 

ples include multiple pp interactions and are processed 
through a full simulation of the detector geometry 
and response using Geant4 28|, and the same recon- 
struction software as the data. Simulated events are cor- 
rected to match the object identification efficiencies and 
resolutions determined in data control samples. 

This analysis uses the reconstructed heavy quark mass 
(wreco) as the primary discriminating variable. In the 
case of events with > 4 jets, mieco is estimated by per- 
forming a kinematic likelihood fit [2^ to the t't' — >■ 
W^bW^b -> ii/bqq'b hypothesis, imposing the con- 
straints that t' and t' have the same mass, and that the 
mass of the lepton- neutrino system, as well as that of a jet 
pair, equals the nominal W boson mass. The final state 
objects considered are the lepton, E!^^^^ and the four jets 
with highest px- Among all possible jet-parton permuta- 
tions, the one yielding the highest likelihood value after 
maximization over the fit parameters is kept. In the case 
of events with exactly three jets, mreco is taken to be 
the invariant mass of the three-jet system. In order to 
ensure a robust background prediction in the tail of the 
TOrcco distribution, a dynamic binning scheme is adopted; 
starting from the high side and low side of the distribu- 
tions, bins are merged until the statistical uncertainty in 
the sum of the background predictions in that bin drops 
below 5%. 

Systematic uncertainties affecting the normalization 
and shape of the mreco distribution are estimated for 
both signal and background, taking into account corre- 
lations among processes as well as channels. The domi- 
nant sources of uncertainty arise from the modeling of the 
tt background. The uncertainties on the tt background 
come from the theoretical uncertainty on the cross sec- 
tion (lg'g%) as well as the effects on both normaliza- 
tion and shape of the TOreco distribution from a number 
of sources; these are uncertainties on the fragmentation 
model (based on the comparison of Herwig and Pythia 
fragmentations), on the NLO event generator (based on 
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Total prediction 
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6145 


8149 


ft' (400 GoV) 


20.0 ±3.3 


21.0 ±3.6 


102.0 ±10.5 


98.1±11.1 



TABLE I. Number of events observed compared to the background expectation after final event selection in each of the four 
channels considered. Also shown are the expected signal yields assuming rriti = 400 GeV. The quoted uncertainties are prior 
to the fit to data and include both statistical and systematic contributions, taking into account correlations among processes. 



the comparison of MC@NLO and Powheg [s^) and on 
the top quark mass (taken to be ±1 GeV). 

The uncertainty on the jet energy scale affects the nor- 
mahzation of signal (2-12%) and backgrounds (5-30%) 
modeled through the simulation, as well as the shape of 
their mreco distributions. 

Uncertainties on the modeling of initial- and final-state 
QCD radiation (ISR/FSR), evaluated by varying corre- 
sponding generator parameters, are considered as corre- 
lated between the ti background and the t't' signal. 

While the normalization is obtained from the asymme- 
try measurement, the uncertainties on the normalization 
of the M^+jets background are derived from measure- 
ments of W+2 jets dominated data samples and take 
into account the uncertainty on the heavy-flavor content 
of the samples as well as the extrapolation to higher jet 
multiplicities. The total uncertainty on the Vl^±jets nor- 
malization is 50% and 70% for events with exactly 3 jets 
and >4 jets, respectively. Uncertainties on the shape of 
the mj-cco distribution for the M^+jets background are 
estimated by varying the choices of the matching scale 
(from 15 to 10 GeV) and the factorization scale (from 
mI = "^w + EPT.jot to = m'^+PT,w) in Alpgen. 

Uncertainties on the modeling of the 6-tagging algo- 
rithms affect the identification of fe/c-jets (6-8% for sig- 
nal and backgrounds containing top quarks, 6-12% for 
the other backgrounds) as well as the mis-identification 
of light jets (< 0.5% for signal and backgrounds contain- 
ing top quarks and up to 5% for the other backgrounds). 
The Z+jets, single top and diboson backgrounds are var- 
ied within the uncertainty on their theoretical cross sec- 
tions. The uncertainty on the multi-jet background event 
normalizations is conservatively taken as 100%. Uncer- 
tainties on the shapes of the multi-jet background are 
derived by varying the lepton identification criteria used 
to extract this background. 

The uncertainties on the lepton identification and trig- 
ger efficiencies, as well as their energy scales and resolu- 
tions, impact the yields by 3% for electrons and 6% for 
muons. 



Uncertainties on the integrated luminosity (3.7%) [3l|, 
jet reconstruction efficiency, jet resolution modeling, ef- 
fect of multiple pp interactions on the modeling of the 
i?™'**^ and treatment of imperfections in the detector de- 
scription in the MC simulation are also considered and 
are all found to have a very small effect on the result. 

Good agreement between the data and the background 
prediction is observed both in terms of overall nor- 
malization and shape of the mieco distribution. The 
mioco distribution is analyzed using a log-likelihood ra- 
tio LLR — —2\og{Ls+h/Lh) as test-statistic, where Lg+h 
(Lb) is a Poisson likelihood to observe the data under 
the signal-plus-background (background-only) hypothe- 
sis. The per-bin signal and background predictions are 
parameterized in terms of 12 nuisance parameters, de- 
scribing the effect of leading sources of systematic uncer- 
tainty such as jet energy scale, ISR/FSR, and tt, W+jets 
and QCD multi-jet normalizations. The impact of sys- 
tematic uncertainties on the sensitivity of the search is re- 
duced by maximizing both likelihood functions, is+b and 
Lb, with respect to these nuisance parameters, subject to 
Gaussian constraints of their prior values. The set of fit- 
ted nuisance parameters is chosen based on their overall 
impact on the search sensitivity, the expected constrain- 
ing power of the data and their suitability to be treated 
as continuous parameters. The simultaneous constraint 
of several of these systematic uncertainties is possible be- 
cause of the inclusion of the 3-jet channel in the analysis. 
The latter has a higher fraction of W^+jets background 
than the >4-jets channel, and provides sensitivity to 
event migration to different jet multiplicities when vary- 
ing uncertainties such as jet energy scale or ISR/FSR. 
In addition to the jet multiplicity spectrum, the jet en- 
ergy scale affects the peak position of the TOreco spectrum 
for ti background, and can be constrained owing to the 
small uncertainty on the measured top quark mass [s^ ]. 
Nuisance parameters associated with smaller systematic 
uncertainties (e.g. lepton identification/trigger) are only 
weakly constrained. 

Figure [1] shows a comparison of the post-fit mj-cco dis- 
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tribution between data and the background prediction for 
the combined e//Lt + 3 jets and e/yLt+ > 4 jets channels. 
The fitted parameters are typically within one standard 
deviation of their nominal values and their uncertain- 
ties are consistent with expectations based on pseudo- 
experiments. Several additional studies were performed 
to check the integrity of the fitting procedure. The likeli- 
hood was verified to be parabolic near the minimum for 
each of the fitted parameters and to yield reasonable fit 
uncertainties; the lack of sensitivity to the assumed pt 
and r/ correlation of the jet energy scale uncertainty was 
verified. 

In the absence of any significant data excess, ei- 
ther in the e-|-jets or /i-|-jets channels individually or 
in their combination, 95% C.L. upper limits on the 
t't' production cross section are derived using the CLs 
method |33|, which employs the LLR test-statistic de- 
scribed above. Pseudo-experiments are generated under 
both the signal-plus-background (s-l-b) and background- 
only (b) hypotheses, taking into account per-bin statis- 
tical fiuctuations of the total predictions according to 
Poisson statistics, as well as Gaussian fluctuations in the 
signal and background expectations describing the effect 
of systematic uncertainties. The fraction of s+b and b 
pseudo-experiments with LLR larger than the median or 
observed LLR defines CL^+h and CL\^ for the expected 
or observed limits, respectively. Signal cross sections for 
which CLs CLg+h/CLb < 0.05 are deemed excluded 
at the 95% C.L. 

The resulting observed and expected upper limits on 
the t't' production cross section are shown in Fig. [2] as 
a function of the t' mass, compared to the theoretical 
prediction, assuming a BR{t' Wh) — 1. As a result, an 
observed (expected) 95% C.L. limit > 404 (394) GcV 
is derived. 

In summary, a search for t't' production has been per- 
formed in the lepton-t-jets final state under the assump- 
tion BR{t' — > Wb) = 1. No significant excess of events 
in the tail of the m-icco distribution was found, resulting 
in an observed lower limit of TOf > 404 GeV at 95% C.L. 
This represents the most stringent limit to date. This 
limit is also directly applicable to a down-type vector- 
like quark with electric charge of —4/3 decaying into a 
W boson and a 6 quark |[3|] . 
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FIG. 1. mrcco distribution in the combined (a) e//i-|-3 jets 
and (b) e//j-|->4 jets channels. The data (points) are com- 
pared to the SM background predictions using the values of 
the nuisance parameters obtained from the fit to data under 
the background-only hypothesis (stacked histograms). In the 
top panels the bin contents have been divided by bin width. 
The bottom panels show the background-subtracted data dis- 
tribution. The underflow and overflow have been folded into 
the first and last bins, respectively. Also shown is the ex- 
pected contribution from a signal with mass niti = 400 GeV 
(histogram) . 
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FIG. 2. Observed (solid line) and expected (dashed line) 95% 
C.L. upper limits on the t'i' cross section as a function of the 
t' mass. The surrounding shaded bands correspond to the 1 
and 2 standard deviations (s.d.) around the expected limit. 
The thin line shows the theoretical prediction including its 1 
s.d. uncertainty band. The shaded area is the mass region 
previously excluded by the CDF experiment Qj. 
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T. Adye^^Q^ g Aefsky^^, J.A. Aguilar-Saavedrai24b,a^ M Aharrouche^S S.P. Ahlen^i, F. Ahles*^ A. Ahmad"^ 
M. Ahsan^", G. AicUii-'^^^'i-'^^b, T. Akdogani«% T.P.A. Akcsson^^ G. Akimotoi5-\ A.V. Akimov '^^ , A. Akiyama^^^, 
M.S. Alami, M.A. Alam^^^ j_ Albertl6^ S. Albrand5^ M. Aleksa^^, I.N. Aleksandrov^^, F. Alessandria^^'', 

C. Alexa^s**, G. Alexander^sa, Q. Alexandre*^ T. Alexopoulos^ M. Alhroob^o, M. Aliev^^^ G. Alimonti^^'^, 
J. Alisoni20, M. Aliycvi", B.M.M. Allbrookei^ P.P. Allport^^^ S.E. Allwood-Spicrs^^^ J. Almond*^^ 

A. Aloisioi°2a,i02b^ ^ Alon"i, A. Alonso™, B. Alvarez Gonzalezes, M.G. Alviggii°2a,i02b^ y.. Amako^e, 

P. AmaraP^, C. Amelung^^, V.V. Ammosov^^^, A. Amorim^^**'^, G. Amoros^^'^, N. Amram^^^, C. Anastopoulos^^, 

L.S. Ancuis, N. Andari"^ T. Andeen^^, C.F. Anders^", G. Anders'^^'^, K.J. Anderson^o, A. Andreazza^^'^'e^'', 

V. Andrei^*'', M-L. Andrieux^^, X.S. Anduaga™, A. Angerami^'', F. Anghinolfi^^ , A. Anisenkov^°'^, N. Anjos^^^**, 

A. Annovi*^, A. Antonaki^ M. Antonelli^^ A. Antonov9^ J. Antos^^*'', F. Anullii32a^ g Aoun^^^ L. Aperio Bella^, 

R. Apollc"^ ^ G. Arabidze^^ I. Araccnai^a^ Y. Arai«^ A.T.H. Arcc'*^ S. Arfaoui^s, J-F. Arguin^^, E. Arik^Sa,*, 

M. Arikie*", A.J. Armbruster^'^, O. Arnaez^^ C. Arnault"^, A. Artamonov^^, G. Artoni^^^'^'^^^'', D. Arutinov^°, 

S. Asai^ss^ Asfandiyarov^^^^ S. Ask^^, B. Asman"^'''"^^^ l Asquith^, K. Assamagan^*, A. Astburyi^s, 

A. Astvatsatourov''^, B. Aubcrt^, E. Augc"^, K. Augsten^^'^, M. Aurousscau^'*''''', G. Avolio^'^^, R. Avramidou^, 

D. Axenies, C. Ay^*, G. Azuelos^^-'', Y. Az\xma}^^ , M.A. Baak^^, G. BaccaglioniSS'^, C. Baccii34a,i34b^ A.M. Bach^^, 

H. Bachacou^^e, K. Bachas^^, M. Backes^^^ M. Backhaus^o, E. Badescu^^^, P. Bagnaiai32a,i32b^ g Bahinipati^, 
Y. Bai^^'^, D.C. Bailcyi^^ T. Bainl5^ J.T. Baines^^s, O.K. Baker^^^^ M.D. Baker^", S. Bakcr^^ E. Banas^^, 

P. Banerjee^^^ g^_ Banerjee^^^^ D. Banfi^^, A. Bangert^^^, V. Bansal^^g^ yL.S. Bansil", L. Barak^^^, S.P. Baranov^"^, 

A. Barashkou^^, A. Barbaro Galtieri^^, T. Barber^^, E.L. Barberio^^, D. Barberis^^^'^o'', M. Barbero^o, 

D.Y. Bardin^s, T. Barillari^^, M. Barisonzii'^^, T. Barklow^'^^ N. Barlow^'^, B.M. Barnctti^f, RM. Barnett^^, 

A. Baroncelli^^^'^, G. Barone**^, A.J. Barr^^*, F. Barreiro*°, J. Barreiro Guimaraes da Costa^^, P. Barrillon^^^, 

R. Bartoldus^^^, A.E. Barton^S V. Bartsch"^, R.L. Bates^^, L. Batkova^^*'*, J.R. Batley^^, A. Battaglia^^, 

M. Battistin^s, F. Baucr^e^ H.S. Bawa"3>e^ g. Bcale^^, T. Bcau^^ P.H. Beaucheminisi , R. Bccchcrle^^'*, 

P. Bechtle^o, H.P. Beck^^, S. Becker^^^ jyj Beckinghami^s, K.H. Becks^^"^ a.J. Beddall^^^ A. Beddall^^^ 

S. Bedikianl^^ V.A. Bednyakov'^s, CP. Bee8^ M. BegeP, S. Behar Harpazi52, rk. Behera^^, M. Beimforde9^ 

C. Bclangcr-Champagnc^s^ P.J. Bcll^^, W.H. Bellas, G. Bcllai^^^ L. Bcllagambai9% F. BcUina^s, M. Bellomo^s, 
A. Belloni^^, O. Beloborodova^o^--^ , K. Belotskiy^^ O. Beltramello^^, S. Ben Ami^^^ O. Benary^^a, 

D. Benchekroun^^^'*, C. Benchouk^^, M. Bendel^\ N. Benekos^*^^, Y. Benhammou^^^, E. Benhar Noccioli''^, 
J.A. Bcnitcz Garciai'^^'^, D.P. Benjamin'''*. M. Bonoit"^ J.R. Bcnsingcr^^, K. Benslamai^", S. Bentvclscn*°^ 
D. Berge^^, E. Bergeaas Kuutmann^^, N. Berger^, F. Berghaus*^^, E. Berglund^°^, J. Beringer^^, P. Bernat^^, 
R. Bernhardt*, C. Bernius^^, T. Berry^^^ q Bertella*^^ A. Bertin^^'^'i^b, F. Bertinelli^s, F. Bertoluccii22a,i22b^ 
M.I. Bcsana^^^^*^'^'^^ ^ Bcsso^l'^^ S. Bctllke9^ W. Bhimji^^, R.M. Bianchi^^ M. Bianco^2a,72b^ q. BiebeF, 
S.P. Bieniek^^ K. Bierwagen^^^ j_ Biesiada", M. Biglietti"'*'^, H. Bilokon^^, M. Bindi^^'^'i^'', S. Binei^^^ , 

A. Bingul^^^ C. Binii32a,i32b^ q Biscarat^^^, U. Bitenc^*, K.M. Black^i, R.E. Blair^ J.-B. Blanchard^^e^ 

G. Blancliot29, T. Blazcki44a^ c. Blockcr22, J. Blocki^^^ A. Blondcl^^, W. Blum^i, U. BlumcnschcinS"^ 

G.J. Bobbinkios, y.B. Bobrovnikovi°^, S.S. Bocchetta^''' , A. Bocci'^'*, C.R. Boddy"*, M. Boehler^i, J. Boeki^^^ 

N. Boelaert^s, J.A. Bogaerts^", A. Bogdanchikovi°^ A. Bogouch^O'*, C. Bohmi^^a^ y. Boisvert^<5, T. Bo\d?\ 

V. Boldea25'', N.M. Bolncti-''^. M. Bona^-\ V.G. Bondarenko^^ M. Bondiolii63^ M. Boonckampi^e, C.N. Booth^^s, 

S. Bordoni"^*, C. Borer*^, A. Borisov*^*, G. Borissov^\ I. Borjanovic^^'', M. Borri*2^ g Borroni*"^, 

V. Bortolotto"4a,i34b^ ^ Bos^°^ , D. Boscherinii"^, M. Bosmanii, H. Boterenbroodl°^ D. Botterilli29, 

J. Bouchami^'^, J. Boudreau-'^23^ E.V. Bouhova-Thackcr^*, D. Boumcdicnc'''' , C. Bourdarios^*''', N. Bousson®^, 

A. Boveia^o, J. Boyd29, I.R. Boyko^s, N.I. Bozhko*28^ j Bozovic-Jelisavcic*2b^ j Bracinik", A. Braem29, 

P. Branchinii34a^ G.W. Brandenburg", A. Brandt^, G. Brandt"^, O. Brandt^^, U. Bratzleri^s, B. Brau^^, 

J.E. Brau"", H.M. Braun*'^'', B. Brelier^^^ J. Bremer29, R. Brcnncr^^e^ g Brcsslcri^\ D. Britton-'^^^ yM. Brochu27, 

I. Brock20, R. Brock*^, T.J. Brodbeck'^i, E. Brodet^^^^ F. Broggi^^^, C. Bromberg*^, J. Bronner^^, G. Brooijmans^^, 
W.K. Brooks^^'', G. Brown82, H. Brown'^, P.A. Bruckman de Renstrom^*, D. Bruncko^^b, R. Bruneliere^^, 

S. Brunei*^!, A. Bruni*^^, G. Brunii^'^, M. Bruschii^'^, T. Buancs^^, Q. Buat5^ F. Bucci'*^ J. Buchanan"*^, 
N.J. Buclianan2, P. Buchholz^i, R.M. Buckingliam"^, A.G. Buckley''^, S.I. Buda25'', LA. Budagov'^^ B. Budick^o^^ 
V. BiischerSi, L. Bugge"^ O. Bulekov^^, M. Bunse42^ t. Buran^^^ H. Burckhart29, S. Burdin''^, T. Burgess*^^ 
S. Burkei29, E. Busato^s, P. Busscy5-\ CP. Buszclloi^e, p. Butin29, B. Butleri43, j.M. Butler2i, CM. Buttar^^, 
J.M. Butterworth^^ W. Buttinger27, S. Cabrera Urban^^^, D. Caioiio^'^'''^'^^ , O. Cakir^'^, P. Calafiurai'', 



7 



G. Calderini^s^ P. Calfayan^^, R. Calkinsl°^ L.P. Caloba^^^ R. Caloii32a432b^ ^ Calvet^s, S. Calvot'^'\ 

R. Camacho Toro3^ P. Camarri"3a,i33b^ Cambiaghi"^'''"^'', D. Cameron"^, L.M. Caminada", S. Campana^^, 

M. Campanelli^^, V. Canalei02a,i02b^ p. Canelli^O-s, A. Canepa^ssa^ j. Caiitcio«'\ L. Capassoi02a,i02b^ 

M.DM. Capcans Garrido^s, I. Caprini^Sa^ ]y[_ Caprini^S'^, D. Capriotti^^ M. Capua-^f'''^'-^f'i\ R. Caputo*^i, 

C. Caramarcu24, R. Cardarcllii^Sa^ T. Carli^^, G. Garlinoio^a^ l. Carminati^^^'^^b^ ^ Caron^s, S. Caronio^, 
G.D. Carrillo Montoyai^^ A.A. Carter^^, J.R. Carter^^, J. Carvalhoi24a,ft^ ^ Casadeil°^ M.P. Casado", 
M. Casccllai22a,i22b^ (^g^gQ50a,50b,*^ ^ Castancda Hcrnandezi^^ E. Castaneda-Mirandai^^^ 

V. Castillo Ginicnezi67^ n.F. Gastroi^*^^ Q. Cataldi^^a^ y. Catanco^^, A. Catinaccio^^, J.R. Catmore^\ A. Cattai^^, 

G. Cattanii33a,i33b^ g CaughronSS, D. Cauzi64a,i64c^ p Cavalleri^^ D. Cavalli^^^, M. Gavalli-Sforza", 

V. Cavasinnii22a,i22b^ p (-,gj.j^^jjjji34aa34b^ ^ g Ccrqucira23b, A. Ccrri^^, L. Cerrito^^ F. Ccnitti^^, S.A. Cetini^'^, 

F. Ceveninii02a,i02b^ Chafaq^^a^ D. Chakrabortyi°^ K. Chaii^, B. Chapleau8^ J.D. Ghapman^^, 
J.W. Chapman^^ E. Chareyre^^, D.G. Charltoni^ V. Chavda^^^ G.A. Ghavez Barajas^^, S. CheathamSS , 

S. Ghckanov^, S.V. Chekulaevi59% G.A. Ghelkov^s, M.A. Chelstowskaio^^ G. Ghen^", H. Ghen^^, S. Ghen32<=, 

T. Ghen^^'^, X. Ghen^^^ S. Gheng32a, A. GheplakovS^ V.F. Ghepurnov^s, R. Gherkaoui El Mourslii^S", 

V. Ghemyatin^^, E. Gheu^ S.L. Cheungl5^ L. Ghevalieri^e, Q. Ghiefarii02a,i02b^ l Ghikovani^i'', J.T. Ghilders^^*^, 

A. Ghilingarov", G. Ghiodini''^'^, A.S. Ghisholmi^ M.V. Ghizhov^s, G. Ghoudalakis^o, S. Ghouridoui37, 
I.A. Ghristidi^^ A. Ghristov''^ D. Ghromek-Burckhart^^, M.L. Ghu^^i, J. Ghudoba^^s, G. Giapettii32a,i32b^ 
K. Giba37, A.K. Giftci^'*, R. Giftci^*^, D. Ginca^^^ V. Gindro^*, M.D. Giobotarui^^^ G. Giocca^^a^ a. Giocioi*, 
M. GiriUiS^ M. Gittcrio^^'^, M. Gmbancan^^a, A. Glark^^, P.J. Glark^s, W. Gleland^^s^ j.C. Glemens^^^ 

B. Glement5^ G. Glement"6a,i46b^ Glifft^^s, Y. Goadou^^^ M. Gobali64a,i64c^ Goccaroi^^ J. Gochran^^, 
P. Goe"^ J.C. Gogan"3^ J. Goggesllalll*^^ E. Gogneras^''^ J. Golas^, A.P. Golijn"'^ G. Gollard"^ N.J. GoUinsi^, 

G. Gollins-Tooth53, J. Gollot^s, G. GolonS^, P. Gonde Muifioi24a^ p. Goniavitis"^ M.G. Gonidi", M. Gonsonni^o^, 
V. Gonsorti^^, S. Gonstantinescu^s^, G. Gonta"^'''^^'^'', F. Gonventii"2a,*^ j Cook^s, M. Gookei'', B.D. Gooper^^, 

A. M. Gooper-Sarkar"8^ k. Gopic^^, T. Gornelisseni^'^, M. Gorradii'^'\ F. Gorrivcau^^.j^ ^ Gortes-Gonzalezi*^^^ 
G. Gortiana^s, G. Gosta^^'*, M.J. Gostai*^^, D. Gostanzo^s, T. Gostin30, D. Gote^^, R. Goura Torrcs^Sa^ 

L. Gourneyea^s^^ G. Gowan^^^ Gowden^^, B.E. Gox*2, K. Granmerlo^ F. Gresciolii22a,i22b^ Gristinziani^o, 

G. Grosetti3'*'''36b, R. Grupi^2a,72b^ Grepe-Renaudin^^ G.-M. Guciuc^^^, G. Guenca Almenari^^^ 

T. Guhadar Donszclmanni39, M. Guratolo*^, G.J. Gurtis^^ G. Gutlibcrti^o, P. Gwetanski^i, H. Gzirr^^, 

P. Gzodrowski43, Z. Gzyczulal^^ S. D'Auria'", M. D'0nofrio^3^ ^ Q>Orazio"2a,i32b^ P.V.M. Da Silva23a, 

G. Da Via^2^ W. Dabrowski37, T. Dai^^, G. Dallapiccola^^, M. Dam35, M. Dameri^o^-sob^ d.S. Damianii37^ 

H. O. Daniclsson29, D. Dannhcim^^, V. Dao^^, G. Darbo^o^, G.L. Darlca^-'^b^ ^ Davcy^o, T. Davidcki^e^ 
N. Davidson**^ R. Davidson^i, E. Davics"^'^ M. Davics*'3^ ^.R. Davison^^ Y. Davygora'"^^^, E. Dawc"^ 

I. Dawsoni39, J.W. Dawson^-*, R.K. Daya22, K. Dc^, R. de Asmundis^o^a^ g. De Gastroi^^^i^^, 

P.E. Do Gastro Faria Salgado^^, S. Dc Gccco^^^ J. de Graat^^, N. Dc Grootio*, P. de Jongio^^ G. De La Taille"^ 

H. Dc la Torrc^", B. De Lotto^^^''^^^^'' , L. de Mora^\ L. De Nooijl"^ D. Dc Pedisi32a^ a. De Salvoi32a^ 

U. Dc Sanctisi64a,i64c^ A. De Santoi49, J.B. De Vivic Dc Regic"^ S. Dean^^ W.J. Dearnalcy"^! , R. Debbe^*, 

G. Dcbcncdetti''^ D.V. Dedovich*^\ J. Dcgcnhardt.i^o, M. Dchchar"^ G. Del Fapa^^"^'''^^"^'' , J. Del Pcso^", 

T. Del Prctei22a,i22b^ rj, Deleniontex"^'\ M. Deliyergiycv^^^ a. DeirAcqua^", L. DelFAsta^i, M. Delia Pietrai°2a,i^ 

D. dcUa Volpei02a,i02b^ Dclmastro", N. Delmelle^^, P.A. Dclsart^^^ G. Deluca"^ S. Demcrsi^-\ M. Demichev*^^, 

B. Demirkoz"'*^, J. Dengi^3^ g p Denisoyi^s, D. Dcrcndarz3^ J.E. Derkaouii^sd, p. Denie^^ P. Dcrvai/3^ 

K. Dcsch^", E. Dcvetak"8, p.Q. Devivcirosio^^ A. Dewhursti^s, B. DeWildc"^ S. Dhaliwali'^^ R. Dhiillipudi^*'', 

A. Di Giaccioi33a, 13.3b ^ L ciaccio^, A. Di Girolanio^s, B. Di Girolamo^s, S. Di Luisei34a,i34b^ Mattia^^^^ 

B. Di Micco^s, R. Di Nardo^^ A. Di Sinione"3a,i33b^ ^ P)j gjp-^^iQaagb^ ^ A. Diaz3i^, F. Dibleni^^, E.B. DiehF, 
J. Dietrich-*!, T.A. Dietzsch^^a^ g oiglio^^^ K. Dindar Yagci''^, J. Dingfelder^o, G. Dionisii32a,i32b^ p puta^s^^, 

S. Dita^sa^ p. Dittus29, F. Djama^s, T. Djobava^i^, M.A.B. do Vale23<=, A. Do Valle Weniansi24a^ T.K.O. Doan^, 
M. Dobbs^s, R. Dobinson ^^'*, D. Dobos^^, E. Dobson^^'™, M. Dobson^ss^ j. Dodd^^, G. Doglioni^s, T. Doherty^^^ 
Y. Doi^e.*, J. Dolejsii26^ I. Dolenc^*^ 2. Dolezal^^e^ B.A. Dolgoshcin'^S'*, T. Bohmae^^^ , M. Donadelli23d, 
M. Doncgai20^ J. Donini33, J. Dopke^^, A. Doria^o^a^ a. Dos Anjosi^^ M. Dosil", A. Dottii22a,i22b^ ^ -j,. Dova^°, 
J.D. Dowell^^ A.D. Doxiadisl°^ A.T. Doyle^^^ 2. Drasal^^e^ j Drees^'^'*, N. Dressnandt^^o^ jj Drevermann^^, 
G. Driouichi35, M. Dris^, J. Dubbert^^, S. Dube", E. Duchovnii^'i , G. Duckeck^^, A. Dudarev^^, F. Dudziak^^, 
M. Diihrssen ^9, LP. Ducrdoth^^ L. Duflot"^ M-A. Dufour^^ M. Dunford^^, H. Duran Yildiz3b, R. Duxfield^^^, 
M. Dwuznik37, F. Dydak ^9, M. Dliren52, W.L. Ebenstein^^, J. Ebke9^ S. Eckweiler^i, K. Edmonds^i, 
G.A. Edwards^^ N.G. Edwards^^^ W. Ehrenfeld^\ T. Ehrich'^^ T. Eifert"^, G. Eigen^^^ K. Einsweiler*^, 

E. Eisenhandler^s^ T. Ekelofi^^^ M. El Kacimii35c^ M. Ellerti^^^ g^ Elles^, F. Ellingliaus^\ K. Ellis^^ N. Ellis29, 

J. Elmsheuser^s, M. Elsing^s, D. Emeliyanovi^g^ r Engelmanni^s^ A. EngP, B. Epp62, A. Eppig^^, J. Erdmann^^, 
A. Ereditato^^, D. Eriksson^^a^ j Ernst\ M. Ernst^*, J. Ernweini^e, D. Errede^^^, S. Errede^^^, E. Ertel^S 
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M. Escalicr"^ C. Escobari^s^ X. Espinal Curull", B. Esposito'*^ F. Eticnnc*^^ ^.1. Etienvre^^e^ E. Etzioni^s, 
D. Evangelakou^'', H. Evans^\ L. Fabbri^^'^'i^'', C. Fabre^^, R.M. Fakhrutdinoyi^s, S. Falciano^^^a^ y. Fangl^^ 
M. Fanti^'''''89b, A. Farbin^, A. Farillai34a^ j_ Parley^^*, T. Farooquei^s, S.M. Farrington"^, P. Farthouat^^, 
P. Fassnacht29, D. Fassouliotis^, B. Fatholahzadehi^^^ A. Favarcto*^"^^^^^^ l Fayard"-\ S. Fazio^^a^seb^ 
R. Febbraro33, P. Federic"'''', O.L. Fedini^i, W. Fedorko^^ M. Fehling-Kaschck''^ L. Feligioni^^ D. Fellmann^, 

C. Feng32<i, E.J. Feng^o, A.B. Fenyuk^^s, J. Ferenceii J. Ferland9^ W. Fcrnandoi°9, S. Ferrag^^, J. Ferrando^^^ 
V. Ferrara''^, A. Ferrari-^^^, P. Fcrrari^°^, R. Ferrari^-^^*^, D.E. Ferreira de Lima''^'', A. Ferrer^^'', M.L. Ferrer"''^, 

D. Ferrere'^^, C. Fcrrctti*^ A. Ferretto Parodi^^'^'^o'', M. Fiascaris^o, F. Fiedler*\ A. Filipcic^"*, A. Filippas^ 

F. Filthautio^^ m. Finckc-Keeleri*59^ M.C.N. Fiolhaisi24a,/i^ l Fiorinii^^, A. Firan^", G. Fischer^^, P. Fischer ^o, 
M.J. Fisherl°^ M. FlechF, I. Fleck^i, J. Fleckner«\ P. Fleischmann"^ S. Fleischmanni^"^ rp pi^^]^i7i^ 

A. Floderus^^ L.R. Flores Castillo^'^^ M.J. Flowerdew3^ M. Fokitis^ T. Fonseca Martinis, D.A. Forbushi^^, 
A. Formica^^*^, A. Forti^^, D. Fortin^'^^'^, J.M. Foster^^^ ^ Fournier^^^, A. Foussat^'^, A.J. Fowler^-*, K. Fowler^^?^ 

H. Fox^i, P. Francavilla", S. Franchino"9a,ii9b^ Francis^^, T. Frank^^i, M. Franklin", S. Franz^^, 

M. Fraternali"^'''^^^'', S. Fratina^^o^ g rp p^ench^^, F. Friedrich R. FroeschP^, D. Froidevaux^^ , J.A. Frost^'^, 
C. Fukunagaise, E. Pullana Torregrosa^^, J. Fusteri67, c. Gabaldon^^, O. Gabizoni^S T. Gadfort^^, S. Gadomski^^, 

G. Gagliardi^o^'^o*^, P. Gagnon^i, C. Galca9^ E.J. Gallas"^ V. Galloi^, B.J. Gallopi^s, R Gallusi^s, K.K. Gan^os, 
Y.S. Gaoi'^^.e^ v.A. Gapienko^^s, A. Gaponenkoi"*, F. Garbersonl^^ M. Garcia-Sciveresi"*, C. Garcfai^^, J.E. Garcia 
Navarroi<^7, R.W. Gardner^", N. Garelli^^, H. Garitaonandia^o^^ V. Garonne^^, J. Garvey^^, C. Gatti*^, 

G. Gaudio"^'^, B. Gaur^i, L. Gauthicri^^, I.L. Gavrilenko^*, C. Gay^^s, G. Gaycken^o, J-C. Gayde^^, E.N. Gazis^ 
P. Ge32d, C.N.P. Geei29, D.A.A. Gcortslo^ Ch. Geich-Gimbel^o, K. Gellerstedt"*^'^'!^^^, C. Gemme^^'^, 

A. Ge^lmell■'^^ M.H. Genesf"^^ S. Gentilei32a,i32b^ jy^ Qeorge^*, S. George^^ P. Gerlach^^*, A. Gershonl5^ 

C. Geweniger^s^, H. Ghazlanei^s^^ Ghodbane^^, B. Giacobbei^'^, S. Giagui32a,i32b^ y Giakoumopoulou^, 
V. Giangiobbc", F. Gianotti^^, B. Gibbard^^, A. Gibson^ss, S.M. Gibson^^, L.M. Gilbert"^, V. Gilewsky^^, 

D. Gillberg28, A.R. Gillmani^s, D.M. Gingrich^-'', J. Ginzburg^^a, n. Giokaris^, M.P. Giordanii64c^ 

R. Giordanoi02a,i02b^ Giorgi^^ P. Giovannini^s , P.F. Giraudi^e, D. Giugni^^^*, M. Giunta^^, R Giusti^^'', 

B. K. Gjelsten"^ L.K. Gladilin^^ C. Glasman^o, J. Glatze^4^ A. Glazov''\ K.W. Glitzal^^ G.L. Glonti^s, 
J.R. Goddard^s^ J. Godfreyi42, j. Godlewski^^, M. Goebel^^, T. G5pfert4^ C. GoeringerSi, C. Gdssling*^, 
T. Gottfert^s, S. Goldfarb", T. Gollingl7^ A. Goniesi24a,fc, l.S. Gomez Fajardo^i, R. Gongalo^^^ 

J. Goncalves Pinto Firmino Da Costa^^, L. Gonella^^, A. Gonidec^^, S. Gonzalcz^^^, Gonzalez de la Hoz^^'', 

G. Gonzalez Parra^^, M.L. Gonzalez Silva^^, S. Gonzalez-Sevilla^^, J.J. Goodson^^^, L. Goossens^^, 

P.A. Gorbounov<^5^ H.A. Gordon^^, I. Goreloyio^, G. Gorfinei^*, B. Gorini^s, E. Gorini^2a,72b^ ^ Gorisek^^, 

E. Gornicki^s, S.A. Gorokhovi^s, V.N. Goryacheyi^s, B. Gosdzik^i, M. Gosselinkio^ M.I. Gostkin^^ 

I. Gough Eschrichis^ M. Gouighri"5a^ d. Goujdamii^sc^ m.P. Goulette4^ A.G. Goussiou^s, c. Goy*, 
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